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NATIONAL SEVERE STORMS PROJECT REPORTS

The National Severe Storms Project, coordinated by the U. S. Weather
Bureau, is a cocperative effort to collect data seeking answers to some of
the many problems concerning severe local storms. Participating government
agencies are the National Aeronautics and Space Administration, Federal
Aviation Agency, U. S. Air Force, U. S. Army and .U. 'S. Navy. Of these agen-
cies, those furnishing aircraft handle data reduction and reports concerning
their own objectives. Some specific projects are accomplished on a contract
basis by universities and other private agencies.

Reports by Weather Bureau units, contractors, and cooperators worklng on
the National Severe Storms Project will be preprinted in this series to facili-
‘tate immediate dlstrlbutlon of the information among the workers and other in-
terested units. Since these reports may not be in completely polished form and
‘are for limited reproduction and distribution they will not constitute a formal
scientific publication. Reference to a paper in this series should identify it
as a pre-printed report. Formal publication of ‘some of the reports W111 be
fmade 1ater 1n appropr1ate sc1ent1flc journals.
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SOME MEASURED CHARACTERISTICS OF SEVERE STORM TURBULENCE’

Roy Steiner? and Richard H. Rhyne?
NASA Langley Research Center
Langley Field, Virginia

'SUMMARY

Measurements of atmospheric turbulence obtained from airplane flights'
through severe storms in connection with the National Severe Storms Project
are discussed. Various characteristics of turbulence, such as differences
in intensity between storms and the turbulence intensity with altltude and
time, are indicated. These measurements for severe storm conditions are
also compared witn other measurements for clear-air and nonstorm weather
conditions as a means of illustrating the relative severity .of :turbulence
for various flight conditions. For these purposes, both derived gust
velocities and power spectra of atmospheric turbulencé are used. The de-
‘tailed nature of the vertical and horizontal flow patterns and the varia-
tions in atmospheric pressure as measured during several -airplane. traverses:
through storm centers are also discussed.

|. INTRODUCTION

The National Aeronautics and Space Administration has actively partici-
pated in the National Severe Storms Project during the past 2 years of its
operation. This participation has consisted of the measurement of the turbu-
lence within the storms and was motivated by a twofold objective. First, the
turbulence data furnish information for the use of the NSSP in the study of
the life cycle and dynamics of severe local storms. Secondly, the detailed
measurements of severe turbulence are of consxderable value for:use in the
design and operat1on of aircraft. ~ . et i ;

The turbulence-measurements have been accompllshed during’ the 1960 and
1961 seasons through the close cooperat1on of .the U. S. Air Force which pro-
. vided the airplane and support and ‘operating personnel. - During the past 2
years of operations, surveys of thunderstorms at both subsonxc and superSOnlc
speeds were made and measurements of the turbulence characteristics of the -
storms in various stages of development obtained. These measurements repre-
sent the first time that detailed turbulence data suitable for spectral E
analysis have been obtained in severe storm’conditions.

The purpose of this paper is to discuss the measurements from: several
storm surveys from the first year’s operations. These results, which repre—,
sent three storms 1nvest1gated during the 1960 operatlons, include examples of
the magnitude and characteristics of the vertical ‘and horizontal components “of
the turbulence, the intensity of the turbulence within the clouds, .and.an in-
dication of the pressure changes within the storms. o

1Presented at the Zolst National Meeting of the American Meteorological Socxety, Conference on Severe
Storms, Nomman, Oklahoma, February 15, 1962.

2pe rospace Technologist.




" maximum value of normal acceleratlon,-g un1ts

2. SYMBOLS

normal acceleration, g units or ft./sec.?

acceleration due to gravity A .
distance from accelerométer to angle-of-attack and angle-of-

_sideslip vanes, ft.; also wavelength, ft.

auto-covariance function

time, sec.

specified time, sec.

true airspeed, ft./sec.

airplane vertical velocity, ft./sec.

vertical component of gust velocity, ft./sec.
lateral component of gust velocity, ft./sec.
arbitrary input disturbance

vane-indicated angle of attack radians
pitch angle, radians h '
pitch ve1001ty, rad1ans/sec

power spectral densxty functionn
' root-mean- square dev1at1on N ,
- root-mean- square dev1at1on of vert1ca1 component of gust veloc1t$

ft./sec.
”'tlme lag,_sec. . o
,frequency, rad1ans/sec T e %a @WZ
DNmax

‘der1ved gust. velocity, def1ned in reference tl] as ;;;Evfkg.
gust factor o ' -

w1ng 1ift-curve slope per radian’

air den51ty at sea. level slugs/cu ft.

wing area, sq. ft. - . - .

"gfa1rp1ane weight, 1b.
"equ1valent airspeed, Vprp , f.p.s.

air den51ty,'slugs/cu ft.\

" reduced frequency, equal to aVV, radians/ft.
: actual a1t1tude minus pressure- a1t1tude,_ftﬂ,
‘a bar over a symbol denotes a mean value




3. BASIC TURBULENCE MEASUREMENTS

Before proceeding to a discussion of the turbulence and other cloud
parameters, it is well to consider briefly the two basic methods used to
measure and describe atmospheric turbulence. The two methods are referred
to as the discrete gust and the continuous turbulence or. power spectral
density method and are illustrated in figure 1.

The discrete gust method has been used for many years to provide\ab
relatively simple means of defining the magnitude and frequency of occurrence
of gusts. The values of derived gust velocities Ug_  are used primarily in
loads calculations as a means of transferring the acceleration measurements
on one airplane to another. The basic measurements used in this method are
the peak accelerations at the center of gravity of the airplane. Values of
~derived gust velocities are computed from the following equation, which is
also given in figure 1

2, L4

nmax S
U = e—et ) v 1
de nubigKg S D

The derivation of the derived gust equation (eq. (1)) is given in reference
- [1] and' is based on the solution of an equation of airplane vertical motion
. in an isolated gust. The principal assumptions made are: (1) the airplane
is a rigid body, (2) the. a1rp1ane forward speed is constant, (3) the airplane
is in steady level flight prior to entry into the gust, and (4) the airplane
can rise but cannhot pitch. The "isolated" gust is designated as having a

(1 — cos) shape, as illustrated in the left side of figure 1, in which the
gust velocxty increases from zero to the maximum value in 12.5 wing chord
lengths. = The gust velocities computed from equation (1) are frequently pre-
sented in terms of average numbers of gusts per mile of flight which exceed
given values as illustrated in the lower left portion of the figure.

The continuous turbulence or power spectral density method has been
developed as a means of providing a more fundamental description of atmospheric
turbulence. The basic measurement for this method is the angle of attack meas-
ured by a flow vane or a differential pressure probe ahead of the airplane as
sketched in figure 1. The angle-of-attack measurements are corrected for ef-
fects of airplane motions, pltch attitude 6, vertical velocxty of the airplane
wg, and pitching veloc1ty 6, to provide a continuous time history of the true
gust velocity w,, as given by the following equation:

L Va¢-~ V9i+ Wy v 16. . . e (2).

~where V is true a1rspeed and I is the d1stance between the accelerometer and
the angle-of-attack vane. All of the quantities are measured directly except




W4, which is determined from an integration of the accelerometer measurements.
Equation (2) as used in the evaluation of the vertical compenent of gust ve-
locities is based on the following assumptions

(1) All disturbances are sufficiently small so that the angle in radians
may be used in place of the sine of the angle

(2) Boom bending is negligible.
(3) Effects of varlatlon in upwash on vane indicated angle of attack are
neg11g1b1e

The measurements are normally taken as increments from the mean values for

the entire record. The actual evaluation procedures to obtain the time his-
tory of the vertical component of gust velocities are given by

Wy =_V(av . av) - V(@ - 9) o J; (ah - an)dt f.1(9 - 8) (3)
wherévthe bar, —, indicates the'average value,for‘the record length to

be evaluated. This evaluation yields a. time history of the true gust ve-
locity in continuous turbulence determined at equally spaced time intervals.
" For the evaluations included herein, the time 1nterva1 was 0 05 sec.

DERIVED GUSTS. " CONTINUOUS TURBULENCE

C.G. ACCELERATIONS = - © ANGLE -OF-ATTACK _

~ "ISOLATED GUST _

l GUST TIME HISTORY

, WILE | DENSITY |

 GUST VELOGITY .. . . . . REDUCED FREQ. .. ...

Figure 1.— Methods for measuring and describing atmospheric¢ turbulence (see text)




This time history is then analyzed to determine the power spectrum
of turbulence as illustrated in the lower right- hand portion of figure 1.
The procedures used in the determination of the power spectra are essen-
tially the same as those outlined in references [2] and [3]. The power
spectrum of a disturbance x(t) is defined by - )

(@) = %mex(T)cds wr dr (D
(o] .

where R (7) is the auto-covariance function defined by

o1 T2 -
R(7) = lim T x(t)x(t + T)dt (5
T= vy-T/2 . . E

The power spectral density ¢(w) has the dimensions of "power" per
radian per second and thus for the measurement of atmospheric turbulence de-
pends upon the airplane forward speed. In order to express the power spec-
tral-density functions in terms independent of airplane flight speed, the
change of variables

0= , (6)

is used. In the use of power spectral techniques to describe atmospheric
turbulence it is assumed that the turbulence spatial pattern is invar-
iant during the time of the airplane passage.

An additional property of significance is that the variance or mean
square of the random disturbance is defined by '

CxX2(t) =j $(w)dw ' NG

and represents a measure of the int&nsity of the disturbance. The value
generally found in the literature, hbwever,'is'the square root of the var-
iance, the so-called root-mean-squate value o. " In practical appllcatlon
the power spectrum can only be defihed over a finite frequency range, ‘and
in the present paper the values oﬂ root mean. square o W111 refer only to
this finite range. : "

The discrete and continuous turbulence methods are complementary in
regard ‘to alrplane de31gn problems and as a measure of the relat1ve 1nten-
sity of the turbulence, ‘and both methods are being used in studies of alr{
“plane responses.” In this paper, however, the discussion of the turbulence
'envxronment will be based generally on the contlnuous turbulence method




Y. FLIGHT CONDITIONS

The surveys of severe storms over the southwest in 1960 were made with
a T-33 airplane instrumented as indicated previously for the measurement of -
continuous turbulence. The flights were made under the control of the FAA
by use of equipment at an Air Defense Command site. A sketch of the radar
return and the flight path for the storm investigated on May 17, 1960, is
shown in figure 2. The figure depicts approximate conditions near the ter-
mination of the flight survey. Since the storm was developing during the
survey, the radar echo is the maximum size observed and additional storm
clusters are developing to the northwest along the squall line. :

CLOUD TOPS 45,000 FT.
FLIGHT ALT. 39,000 FT.

60
i [N AIRPLANE
KFLIGHT. PATH
40} ' (' ‘&\
\ \
DISTANCE, | Y
MILES \
" RADAR ECHO
20 ' !
|
i /
, \_4/
3 l ] L l I I ——d ’

0o 20 40 60
: DISTANCE MILES

Figure 2.- Sketch of thunderstorm radar echo and approximate location of traverses, storm of May 17, 1960

"“Five traverses were made through this storm at an altitude of approximately
39,000 ft. on a north-south heading in a pattern indicated by the dashed lines
and arrows on the figure. The magnetic heading for each trayerse is given in
table 1. The traverses were through the area enclosed by the dashed lines
through the echo outline, during a 38-minute time interval beginning at 1622
CST ‘on ‘May ‘17, 1960. -During the flight survey the cloud dlameter grew from
7 naut1ca1 m11es to 21 nautlcal miles. .

5. TIME HISTORIES OF GUST COMPONENTS

The t1me histories of the components of the true gust veloc1t1es for the-
‘first traverse through the storm of May 17 are given in figure 3. The ver-
tical components of the true gust velocities are shown in the upper trace
-and the horizontal components in the lower trace. : In each: case the velocities
are plotted aga1nst time and distance. - The- time.of cloud entry and cloud exit
is indicated in the figure. It is noted that the time histories of vertical
component begin and end at approximately -20 f.p.s. and the lateral component




appears to have a linear trend from -70 f.p.s. at the beginning of the time
: hlstory to +10 f.p.s. at the end of these traces. Neither of these begin-
ning and end points may be real since such factors as gyro drift and the
1nab111ty to establish initial and final conditions prohibits the exact
‘location of the zero value and the elxmlnatlon of ‘very low frequency trends,
i.e., frequencies approachlng zero, ‘'in the time histories: The, numerical
values cannot be taken as absolute values, although in this paper the actual
values obtalned will be quoted.
v ta T‘hx$
Ude’ FT/SEC -40 |
' 80r
VERTICAL 40
COMPONENT ﬁJA
QF TRUE 0 | - ’ .
Gwnvagmw_ /W¥WWV%MWMWK _
FT/SEC -40F :
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GUST VELOCITY O

i

\J

g;:
_80-
-120lL
LATERAL
CoURET ol M ph
‘GUST VELOCITY O . ‘ lly '
Vg F/SEC 40 \mNMMWW[
“80" " cLoup
-IZZ()l_ EihnyQ\( 1 1 1
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l- 1 1 1 TI'ME’ISEC . ! 1 {
o | 2 3 4 5 7 8

DISTANCE, NAUTICAL MILES

Figure 3.- Der1ved gust veloc1txes and time histories of verttcal ‘and lateral gust ‘components, tra-
verse 1 at 39,000 feet, May 17, 1960. )

Fo:_theivertical components a positive gust is up, and the positive lat-
"eral component is airflow toward the right of the airplane. The approximate
spatial direction of the positive lateral component of the airflow may be ob-
tained by adding 90° to-the "true heading" column of table 1 where the "true
~ heading" is the direction of flight of the airplane? Both the vertical and
. lateral ‘time histories indicate an apparent random sequence of long and short
wavelength disturbances throughout t he clouds®’ horizontal extent. A pre-
- dominant downward flow of air apparently existed near each edge of the cloud
with upward flow in the center: A very close similarity of the two time his-
. tories exists at a time of 50 seconds where the large change in the lateral

gust velocity is associated with an equally large change in the

3Note that the direction of the gﬁsf’as defined here is the direction toward which

vertical gust

the air is moving,

not the direction from which it is moving as is customary in meteorological usage.
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velocity. The overall impression from these two time histories is that the
horizontal flow is of a similar magnitude to the vertical flow, at least near
the top of a severe convective cloud.

The derived gust velocities have been plotted at the top of the figure
to give some insight into the interpretation of these values.. It will be
recalled from figure 1 that each value of U4 corresponds to a maximum or
peak acceleration at the center of gravity of the airplane. A comparison of
the derived gust velocities with the time history of the vertical component
of gust velocity indicates a corresporidence of the derived gust velocities
with the sharp or short wavelength changes in true gust velocxty No corre-
spondence is. apparent with. the long wave length disturbances. . These obser-.
vations 51mp1y result from the airplane’s response characteristics to
atmospheric disturbances of various wavelengths. The T-33 alrplane in general
will experience the larger accelerations for eddies or gusts represented by
the high-frequency fluctuations in the time history. The derived gust ve-
locities therefore represent'falrly well the high- frequency velocity changes,
but do-not. give a measure of the ve1001t1es for the drafts or large wave-

length dlsturbances

VERTICAL g0
COMPONENT

OF GUST 40 W M | o
~ VELOCITY,. Ot&ﬁ@ﬂﬁgaﬁliwwﬂﬁﬂﬂ‘ : 'hmvwv%ﬁ&h¢mmwﬁmﬁgm@mma
‘wg, FT/SEC-20L "WV T U v

| l.].

T

80
LATERAL 40

MCOMPONENT
"OFGUST O

VELOCITY,-4O
Vg, FT/SEC

' ' HdeﬂﬁwrWﬂwavvmwwmmnrvmﬁwﬁvw
L ' ; 1 |

1 il i N | l - | 1
|40 150 160 170 ~ 180  ~ 190 - 200 210 220
' TIME FROM CLOUD ENTRY SEC e,
L 1 . ] ! - . | | I J
12 13 14 |5 IG l? ' 18. 19 20
SN * 'DISTANCE FROM CLOUD ENTRY NAUTICAL MILES e

F;gure 4.— Portion of time histories of vertical, and lateral gust components, 25,000 feet, May 4. 1960.

. The airflow at ‘a much lower altltude in ‘a d1fferent storm is shown in fig-
ure 4 The -time histories represent the horlzontal ‘and vertical components of
‘the gust: velocities. at 25,000 feet altitude which, in this .case, is about ZS(ID
 feet below the top .of ‘the clouds. Note that the histories represent about 6.
miles of the traverse in the center of the storm and start about 12 miles after
the storm entry. The frequency characterlstlcs of the turbulence appear sim-
ilar to _those near the top of. a cloud and the lateral components are again of
‘the same general magnltude .as. the vert1ca1 components e




The maximum gust velocities noted on these figures vary between —118 f.p.s.
and +66 f.p.s. These maximum values and a summary for nine additional tra-
verses made through the storms of May 4, 16, and 17, 1969, are tabulated in
table 1. This table contains information as to the dates, time of traverse,
aircraft heading, etc. The May 16 storm is of interest because. it is believed
that the largest gust velocity measured to date occurred in this storm. Com-
plete data, however, were not evaluated in time to be included in this paper.
Note in table 1 a positive gust velocity of 208 f.p.s. and a negative velocity

.of 124 f.p.s. At the time of the positive gust the airplane was in a pitched-
down attitude of 13° and had an upward vertical velocity of 83 f.p.s. The
vertical acceleration of the airplane at this instant, however, was only 18
f.p.s. Hail was encountered on this traverse which 1eft ‘a dent of baseball
size on the a1rp1ane

Table 1. Summary of turbulence data for somé storms in 1960.

Max wé . Max‘ vg».'
: . : True ; { Altitude of ' " T o
Date Iéén,; Travlc;rse, heading, A1t1f2ude, cloud tops, fps. . fps. 1 Mg,
number deg. . ft. - ft./sec. |
‘ a8 ) ' +, up - |+, 1t -
May 4 - 1548 1 230 | 40,000 Over 40;'000 56 62 79 59 9.73
‘ 1604 2 60 35,000 51 78 47 70 6.64
1615 3 230 | .30,000 44 38 67 50 6.14
1623 4 60 25,000 . 92 31 84 | 64 6.48
May 16 1724 1 180 |- 38,000 | 42,000 141 | 105 ) 104 | 146 15.55
1736 2 340 40,000 50,000 208 124 87 93 | 15.38
May 17 1622 1 170 39,000 45,000 66 118| 45 | 115 16.02
1629 2 210 39,000 737 97| 107 82 | 13.62
1642 3 180 39,000 47 49 55 59 7.46
1651 4 340 39,000 131 98 100 79 13.77 -
1656 5 160 39,000 ’ 47 52| --- .= 8.57

6. SEVERE STORM TURBULENCE

Before considering in more detail the turbulence intensities within the
storms in the Oklahoma area, let us first compare some turbulence measure-
ments for several weather conditions as a means of forming a basis for in-
terpreting the turbulence intensities. The spectra of turbulence for average
clear-air turbulence conditions, turbulence in cumulus clouds, and in severe
storms are shown in figure 5a. The power ¢ (Q) is plotted against reduced
frequency () in radians per foot and wavelength I in feet. A Jlogarithmic scale
is used in each case. The least severe turbulence is shown by the lower curve

.and the most severe turbulence, for the thunderstorm or squall-line condition,
appears on the upper ‘curve. . The square roots of the areas under these spectra
.are the root-mean-square (r m.s.) gust velocities and are used as a convenient
measure of turbulence intensity. The r.m.s. gust velocities are 3.48, 6.14,
and 13.77 f.p.s. for the samples of clear air, cumulus. cloud, and the thunder-
storm turbulence, respectlvely These r. m. s. values can vary considerably for
different traverses through a given type of - turbulence, as for example, the
r.m.s. gust velocities for traverses through storms in the 1960 operat1ons of
the National Severe Storms Project have varied from 6.14 to 16.02 f.p.s:
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(b) Derived gust velocities.
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Fxgure 6.— Cbmparxson of power spectra of turbulence measured xn successxve traverses of thunderstorm,

May 17, 1960, 39 000 feet altitude.
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It might be noted that the spectra all cover a range of wavelengths
from about 3,600 feet to 60 feet, or 1/6 to 10 c.p.s. The data falling with-
in this frequency band are considered to be quite good for the present re-
sults. Extensions of the data to higher frequencies are limited by a number
of considerations such as film speed and recording time available and the
reading interval required, and, of course, the frequency response of the flow
vanes or other instruments. Extensions to lower frequencies are limited by
such factors as gyro drift, and establishment of initial and final conditions
and zeros with the required accuracy for integration. Since the spectra have
not been extended below a frequency of 1/6 c.p.s., the r.m.s. gust velocities
given above and obtained from the areas under these spectra do not contain
the effects of power below 1/6 c.p.s. The sample time histories presented
earlier, however, are believed to give fairly reliable indications of the ver-
tical and lateral air motions at frequencies considerably lower than 1/6 c.p.s.

v Distributions of derived gust velocities which have also been commonly
used in describing turbulence are given in figure 5b. These distributions al-
so represent clear air, cumulus clouds, and thunderstorms. The storm condi-
tions are representative of the data obtained from the 1946-1947 Thunderstorm

Project [4].

A. Variation of Turbulence With Time

The turbulence spectra for the vertical and lateral components of gust
velocities for five traverses through the storm on May 17, 1960, are shown in
figure 6. The traverses were made in a north-south direction as indicated
earlier at an altitude of 39,000 ft. The storm was building during the time
of the flight so that the first traverse at 1622 CST was 7 miles in length in
the cloud while the last traverse, approximately 34 minutes later, was 21
miles in length. The spectra of the vertical component of gust velocities for
traverses 1,2, and 4 (fig. 6a) are very similar in shape and intensity. The
r.m.s. gust velocities for these traverses are 16.0, 13.6, and 13.8 f.p.s.,
respectively. The r.m.s. gust velocities of 7.5 and 8.6 for traverses 2 and
5 indicate a reduction in power from the other three traverses. It is un-
fortunate that this variation in the power cannot be attributed entirely to
pulsations of the cloud, but is believed to be in part due to slightly dif-
ferent flight paths through the storm. Traverse 3 deflnltely appeared to be
nearer to the eastern edge of the heavy precipitation area as shown by the
radar echo than did any.of the other traverses.

Since the effect of the.variables of time and flight path cannot be com-
pletely separated in this relatively small sample of turbulence data, it may
be enlightening to consider the turbulence data in reference to the length of
flight paths within t he cloud. Figure 7 shows both values of r.m.s. gust ve-
locity and the cloud diameter plotted against time from the beginning of the
first traverse. The values of the r.m.s. gust velocities illustrate the var-
:iation in the intensity of turbiilence with time as previously discussed. The
level of turbulence for all the traverses is relatively high, however, with a
mean r.m.s. value of about 12 f.p.s. The plot of cloud diameters indicates
that the cloud was growing rapidly at the beginning of the traverses with a
diameter of 7 miles for traverse 1 and 16 miles for traverse 2. This period
of activity seems to be followed by a period of little growth with the -




13

diameter remaining unchanged but with the turbulence intensity decreasing for
traverse 3. The last three traverses indicate a second cycle of growth with a
corresponding increase and decay in the turbulence level.
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Figure 7.— Variation of turbulence intensity and cloud diameter with time, at 39,000 feet altitude,
May 17, 1960.

. B. Turbulence at D1fferent A1t1tudes

Now let us consider the turbulence at different a1t1tudes In figure 8
are shown the spectra of turbulence for traverses at 40,000, 35,000, 30,000,
and 25,000 feet altitude through a storm on May 4, 1960. The first traverse
began at 1547 CST for the highest altitude and the last traverse started 36
~ minutes later for the lowest altitude, These cloud surveys were made on ap-
‘ proxxmately east-west headlngs and the cloud traverses were approximately 22
nautical miles in length except for a 30-mile traverse at 35,000 feet altitude.

The figure indicates that this storm contained less severe ‘turbulence

. than the storm of May 17, 1960. For the penetrations made, the most severe

. turbulence occurred at 40,000 feet altitude with relatively constant but less
sévere turbulence at the lower altitudes. The r.m.s. values are 9.73, 6.64,

- 6.14, and 6.48 f.p.s. for the highest to the lowest éltitudes} réspectively.

_ From the spectra of . turbulence it is not possible  to attribute the change

in the turbulence intensity specifically to the altitude change because of the

time variation between. the traverses. Since the cloud dimensions did not vary

- appreciably with time, it may be assumed that the cloud had reached its mature
" stages before the traverses were made

The spectra of horlzontal (or lateral) gust veloc1t1es are very similar
to the spectra of vertical gust velocities for each traverse evaluated. The
slmlIarlty applles to both the shape of the spectra ‘and the energy “content,
as may be noted from a comparison of the spectra in figure 6a with those of
figure 6b for traverses through the storm of May 17, 1960; at 39,000 feet '
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altitude. This similarity of the spectra appears to hold for lower altitudes
as illustrated in figure 9 for a traverse at 25,000 feet altitude in the storm
of May 4, 1960. It may be concluded, therefore, in a general sense that there
is as much horizontal flow as vertical flow in the storms for the ranges of
wavelengths covered by the spectra. '

7. ATMOSPHERIC PRESSURE VARTATIONS

The instrumentation in the test ‘airplane, although designed to measure
atmospheric turbulence, yielded measurements which could be used to investi-
gate the variation of atmospheric pressure within the storms. It was felt
that these measurements of the variation of the pressures may be of value in
future studies of the dynamics of the storms. These pressure changes are com-
monly called "D" values and are presented as the correction in feet of altitude
which must be added to the measured pressure altitude to determine the true

a1t1tude

Incremental "D" values were determined for the two storms on May 4 and .
May 17. The word incremental is used because an arbitrary starting point, the
condition just before entering the cloud, was used In the evaluation of the
~ "D" value it is assumed that the pressure is invariant for all positions around
the cloud and.that the true dlsplacement of the alrplane within the cloud is
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INCREMENTAL . TRAVERSE 2—> aoa
"D"VALUE,FT . 0= T CTRAVERSE ! _
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(8) Storm of May 17, 1960, 39.000 feet altitude.
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(b) Storm of May 4. 1960

Figure 10.— Incremental "D" val.ues.thhm thunderstorms.
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given by the inertial determination of the airplane displacement (from double
integration of the vertical accelerations). The integration of the vertical
acceleration was performed assuming that the initial and final vertical ve-
locities of the airplane are equal, and the "D" values are constant at cloud
entry and exit. It was not possible to separate changing "D" value from
changing altitude at the starting and ending points; however, the sum of the
two was, in each case, fairly small. These assumptions can lead to some error
in the magnitude of the "D" values. With these precautlons, the incremental
"D" values for the five traverses on May 17 are presented in figure 10a and
the values for the May 4 storm are presented in figure 10b. In each figure
the "D" values are plotted against approximate time from cloud entry.

It is apparent from an inspection of figures 10a and 10b that the "D"
value may vary over a relatively large range, say, from +1,000 feet to -1,000
feet, and may change sign within a given storm. Figure 10a indicates that for
the active storm of May 17 the "D" value was generally positive which corre-
sponds to a greater pressure in the storm than in the surrounding atmosphere.
These values were obtained near the top of a storm - at 40,000 feet in a
cloud exterding to approximately 45,000 feet altitude.

_ For the storm of May 4 the "D" values are generally negative for the sev-
eral altitudes investigated. Earlier considerations indicated that this storm
was matured or had ceased building at least during the flight investigation.
‘Since the data from only one storm in this state of development are available,
it is impossible to determine if-this is a definite characteristic for the
storm condition. : ~

8. CONCLUDING REMARKS

In conclusion, the. several observat1ons discussed in the body of the
paper may be summarized as follows: First, substantial vertical velocities,
as large as 200 f.p:s., can exist in. severe storms. .Second, the 1ntens1ty of
the turbulence may vary con81derab1y from storm to storm, but the higher-
intensity turbulence appears to be associated with periods of rapid growth of
the storm cloud. Third, the horizontal components of the gust velocities for
~ the storms investigated" are of approximately the same magnitude and energy
content as the vertical component of gust velocity for the frequency range con-
sidered herein. This similarity in components appears to be true even for
altitudes 20,000 feet below the top of the cloud. Lastly, the pressures wi th-
in the storms may vary w1de1y and may be higher or 1ower than the surroundlng :
atmosphere.

o
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